MicroRNAs (miRNAs) are short, highly conserved noncoding RNA molecules that repress gene expression in a sequencedependent manner. We performed single-cell measurements using quantitative fluorescence microscopy and flow cytometry to monitor a target gene's protein expression in the presence and absence of regulation by miRNA. We find that although the average level of repression is modest, in agreement with previous population-based measurements, the repression among individual cells varies dramatically. In particular, we show that regulation by miRNAs establishes a threshold level of target mRNA below which protein production is highly repressed. Near this threshold, protein expression responds sensitively to target mRNA input, consistent with a mathematical model of molecular titration. These results show that miRNAs can act both as a switch and as a fine-tuner of gene expression.
A r t i c l e s miRNAs regulate protein synthesis in the cell cytoplasm by promoting target mRNAs' degradation and/or inhibiting their translation. Their importance is suggested by (i) the predictions that each miRNA targets hundreds of genes and that the majority of protein-coding genes are miRNA targets [1] [2] [3] [4] , (ii) their abundance, with some miRNAs expressed as highly as 50,000 copies per cell 5 , and (iii) their sequence conservation, with some miRNAs conserved from sea urchins to humans 6 . miRNAs can regulate a large variety of cellular processes, from differentiation and proliferation to apoptosis [7] [8] [9] [10] [11] . miRNAs also confer robustness to systems by stabilizing gene expression during stress and in developmental transitions 12, 13 .
Despite the evidence for the importance of gene regulation by miRNAs, the typical magnitude of observed repression by miRNAs is relatively small 2,3 , with some notable exceptions, such as the switchlike transitions caused by the miRNAs lin-4 and let-7 targeting the heterochronic genes lin-14 and lin-41, respectively, in Caenorhabditis elegans 14 . Importantly however, most of the previous studies of regulation by miRNAs in mammalian cells have measured population averages, which often obscure how individual cells respond to signals 15 .
In our study, we aimed to complement previous work showing the breadth and importance of gene regulation by miRNA by directly measuring the effects of miRNA on target gene expression in single cells. Through the use of a two-color fluorescent reporter system that allowed us to simultaneously track gene expression in the presence and absence of binding sites for miRNA, we were able to measure both transcription and translation following regulation by miRNA in single mammalian cells. Our single-cell analysis revealed two unexpected features. First, the experiments showed that regulation by miRNA imposes a previously unappreciated nonlinearity relating target transcript abundance to target protein abundance; namely, target protein production is highly repressed below a threshold level of target mRNA production and responds sensitively to transcription above this threshold. Second, there is considerable cell-to-cell variability in the strength of repression in a population of identically prepared cells. Most notably, the fold repression of miRNA targets below the threshold can be far greater than measured for the population average, up to 40-fold greater in our data. Motivated by previous work on protein-protein interactions 16, 17 and regulation by bacterial small RNA 18 (sRNA), we employed and experimentally tested a mathematical model to formally describe the biochemical interactions comprising the miRNA regulatory system. The model suggested the importance of molecular titration in generating the sensitive response to transcription above the threshold. In this picture, as target abundance increases, target mRNAs titrate away the pool of miRNAs available for repression; the sharpness of the switch from full repression to escape from miRNA repression depends on the strength of the interaction between the miRNA and its target as well as the relative abundance of each.
MicroRNAs can generate thresholds in target gene expression

RESULTS
Microscopy reveals miRNA-mediated gene expression thresholds
To assay for miRNA activity in single mammalian cells, we constructed a two-color fluorescent reporter system that permits simultaneous monitoring of protein levels in the presence and absence of regulation by miRNA ( Fig. 1a) . The construct consists of a bidirectional Tet-inducible promoter driving two genes expressing the fluorescent proteins mCherry and enhanced yellow fluorescent protein (eYFP) tagged with nuclear localization sequences. The 3′ untranslated region (UTR) of mCherry is engineered to contain N binding sites for miRNA regulation. In the first set of experiments, the inserted sites are recognized by miR-20, which is expressed endogenously in HeLa cells along with its seed family members miR-17-5p and miR-106b. The 3′ UTR of eYFP is left unchanged so that it can serve as a reporter of the transcriptional activity in a single cell.
We constructed cell lines that stably expressed the fluorescent reporter construct with either a single bulged miR-20 binding site or no site in the mCherry 3′ UTR. We measured the levels of eYFP and mCherry in single cells using quantitative fluorescence microscopy. Arranging individual cells according to their eYFP expression level, we observed that cells whose mCherry 3′ UTR lacked miRNA binding sites had a concomitant increase in mCherry expression ( Fig. 1b) . This indicates that in the absence of miRNA targeting of the mCherry mRNA, the level of expression of eYFP is proportional to the level of expression of mCherry. However, in cells with one miR-20 site in the mCherry 3′ UTR, the eYFP fluorescence initially increases with virtually no corresponding increase in mCherry expression level ( Fig. 1c) . To capture this behavior quantitatively, we measured the joint distributions of mCherry and eYFP levels in single cells, binned the single-cell data according to their eYFP levels and calculated the mean mCherry level in each eYFP bin (Online Methods and Supplementary Fig. 1 ). We refer to this binned joint distribution as the 'transfer function' . As suggested by the representative single cells shown in Figure 1b , the transfer function shows a threshold-linear behavior in which the mCherry level, which represents the target protein production, does not appreciably rise until a threshold level of eYFP is exceeded.
A molecular titration model for thresholding
We developed a mathematical model of miRNA-mediated regulation that could reproduce the nonlinearity in the above transfer function ( Fig. 2) . This model ( Fig. 2a) is inspired by previous models 16 used to describe protein-protein titration 17 and sRNA regulation in bacterial systems 18 . It describes the concentration of free target mRNA (r) subject to regulation by miRNA (m) as a function of bare transcriptional activity in the absence of regulation by miRNA (r 0 ). We assume that only r can be translated into protein. Experimentally, we expect the mCherry signal to be proportional to the concentration of r and the eYFP signal to be proportional to the concentration of r 0 . The core of the model involves the binding of r to m to form an mRNA-miRNA complex r* and the release of m from the complex back into the pool of active miRNA molecules either with or without the accompanying destruction of r. We assume that the total amount of miRNA is constant. Indeed, we observed no decrease in the miR-20 level beyond the level of experimental uncertainty as a function of eYFP ( Supplementary Fig. 2 ). The qualitative shape of the transfer functions generated by the model depends on two key lumped parameters. The first parameter λ, which behaves like a dissociation constant, governs the sharpness of the threshold (Fig. 2b) . On a log-log plot relating r to r 0 (Fig. 2d) , the increased sharpness manifests itself as a slope (which we refer to as the logarithmic gain) greater than 1, marking a sensitive transition connecting the branches of the transfer function of slope 1 that indicate little protein expression (below the transition) and nearly maximal protein production (above the transition). λ is inversely proportional to the rate constant at which miRNA binds the target mRNA (k on ); as k on increases, while holding the miRNAtarget mRNA unbinding rate constant k off fixed, λ decreases and thus sharpens the transition. The threshold constant θ plays a role in the placement of the threshold and also in the sharpness of the transition between the threshold and escape regimes ( Fig. 2c) . θ is proportional to the concentration of free miRNA available within the cell; as the total concentration of free miRNAs increases, θ increases and pushes the threshold to higher values of r 0 ( Fig. 2e) . We also considered a model that accounted for competition from the population of endogenous miRNA targets and found that including a pool of competing miRNA targets results simply in rescaling the θ and λ parameters characterizing the single-target model (Supplementary Note).
The mathematical model thus suggests experiments that could be performed to modulate the thresholds generated by miRNA-mediated regulation. As our stable Tet-On HeLa cell lines could not achieve high enough levels of reporter expression to capture the complete sensitive transition to escape from miRNA-mediated repression, we performed subsequent experiments by transiently transfecting Tet-On HeLa cells with reporter constructs and measuring fluorescence using flow cytometry to increase the number of cells in the datasets. As with the quantitative fluorescence microscopy, we restricted our analysis to cells whose fluorescence was above the cellular autofluorescence with at least, and in most cases greater than, 95% confidence. 
Sharpening the threshold by adding miRNA binding sites
To sharpen the thresholds by increasing k on , we increased the number of miRNA binding sites N in the 3′ UTR of mCherry. The maximum logarithmic gain increased from approximately 1 when N = 1 to 1.8 when N = 7 (Fig. 3a) ; as expected from the model, the effect was stronger when going from 1 to 4 binding sites than from 4 to 7 sites. We were also able to recapitulate a similar transfer function with N = 7 in the 3′ UTR of eYFP, thus isolating the effect to miR-20-mediated regulation rather than any property intrinsic to the mCherry reporter ( Supplementary Fig. 3 ). Notably, unlike previous studies of bacterial sRNA 18 , we could also directly test the importance of titration in the generation of the threshold by using miR-20 binding sites that are perfectly complementary to endogenous miR-20, thus converting the interaction between target and miRNA into a catalytic, RNA interference-type repression. When the multiple miR-20 bulged binding sites were replaced by a single perfectly complementary binding site that yields the same maximum repression as N = 7 bulged sites, we did not observe gene expression thresholding ( Fig. 3a , gray points).
To measure the fold repression as a function of target expression level, we measured for individual cells the transfer function in the absence of miR-20 binding sites and calculated the ratio of this control transfer function to transfer functions in the presence of one, four and seven miR-20 sites (Fig. 3b) . As expected from Figure 3a , increasing the number of binding sites increased the fold repression at lower eYFP levels, from just over twofold repression with a single miR-20 site to approximately tenfold repression with seven miR-20 sites, while not significantly changing the fold repression at high eYFP levels (Fig. 3b) . Seen this way, we show that rather than being only a subtle (a) The model describes the steady-state level of mRNA free to be translated (r), which we experimentally observed as the mCherry signal, subject to regulation by miRNA (m) as a function of bare transcriptional activity in the absence of regulation by miRNA (r 0 ), which we experimentally observed as eYFP. The target mRNA is transcribed (rate constant k r ) and intrinsically decays (rate constant γ r ). miRNA and mRNA bind (rate constant k on ) to form a complex (r*). The bound miRNA can reenter the pool of active miRNA either by unbinding the target mRNA (rate constant k off ) or destroying the mRNA (rate constant γ r* ). The steadystate solution for r allows us to combine these microscopic parameters into two lumped parameters that govern the shape of the transfer function: λ, the effective dissociation constant characterizing the strength of the miRNA-mRNA interaction, and θ, which is proportional to the concentration of miRNA that acts on the target mRNA. Using the flow cytometry data from a, we computed the ratio of the mean eYFP level to the mean mCherry level for N = 1, 4, and 7. We then normalized this ratio by the mean eYFP to mean mCherry ratio for N = 0; we refer to this normalized ratio as the fold repression. We estimated the error bars by bootstrap sampling of the flow cytometry data. (c,d) Effects of titrating defined amounts of miR-20 mimic siRNA on the transfer function for N = 4 (c) and N = 7 (d). In a, c and d the angle symbol followed by a number denotes the value of the logarithmic gain, either minimum (when gain = 1) or maximum (when gain >1).
effect as suggested by population-based averages, which in this case would result in at most 2.5-fold repression with seven binding sites (Fig. 3b, inset) , regulation by miR-20 can exert very strong repression of protein production at low target transcript levels. Moreover, the boundary of the regime of strongest repression is marked by a threshold level of transcription. Shifting this threshold to lower or higher target mRNA levels by changing miRNA levels or the number of binding sites can be of functional importance.
Shifting the threshold by modulating miR-20 abundance
Consistent with the model, the threshold can be shifted to either higher or lower eYFP levels by transfecting either miR-20 mimic oligonucleotides (small interfering RNAs (siRNAs)) or miRNA sponges that inhibit miR-20 activity 19 (Fig. 3c,d and Supplementary Fig. 4) .
Increasing the level of miRNA increased the fold repression below the threshold, increased the mRNA level needed to reach the threshold and sharpened the transition. In the extreme case of seven miR-20 binding sites with 30 nM miR-20 mimic transfected (Fig. 3d) , miRNAmediated repression was ~40-fold greater compared to a target with no miRNA binding site, the threshold was shifted to a tenfold higher eYFP level, and the transition between repressed and unrepressed expression was quite sharp, with a maximum logarithmic gain of ~5.4 (Fig. 3d) , compared to ~1.8 without the transfected miR-20 mimic (endogenous levels) ( Fig. 3a) . To quantitatively compare the data to the model, we simultaneously fit all the datasets, holding λ constant across the fits for particular values of the constants N and θ for a particular amount of transfected siRNA mimic. Notably, the fit parameter θ, which is proportional to the concentration of miRNA available for target repression, increased with increasing siRNA mimic ( Fig. 4a) but in a saturable fashion, whereas 1/λ increased linearly with N (Fig. 4b) .
The saturation suggests that the amount of transfected siRNA mimic entering functional complexes and thus available for target repression is limited, perhaps by entry into the cytoplasm and/or loading into Argonaute protein complexes.
Measuring gene expression thresholds in natural contexts
In order to test the generality of these findings, that the strength of repression of a miRNA target depends strongly on the relative amounts of the miRNA and its target, we sought to recapitulate the results in more physiological settings. First, we tested whether similarly sensitive transitions would be observed when the reporter construct incorporated naturally occurring miRNA binding sequences by fusing the 3′ UTRs of the oncogene HMGA2 and the major GABA transporter gene SLC6A1 to the mCherry reporter and performing dual-color flow cytometry. The HMGA2 3′ UTR contains seven binding sites for the miRNA family let-7, which is moderately expressed in HeLa cells, whereas SLC6A1 contains three binding sites for the neuronal miRNA miR-218, which we supplied exogenously. The experiments showed that we could indeed observe sensitive transitions with these constructs (Fig. 5a,b) . In addition, for HMGA2, we increased the threshold incrementally by transfecting higher doses of let-7 siRNA mimic (Fig. 5a) .
Finally, we used a standard dual luciferase assay (Online Methods and Supplementary Fig. 5 ) to measure target expression in mouse embryonic stem (ES) cells using only their endogenous pool of miRNA to retain physiological relevance. Here we measured a transfer function complementary to that in the experiments with HeLa cells: the mRNA target level remained fixed while the miRNA concentration varied. To test varying miRNA concentrations in ES cells, we exploited the fact that different miRNA species are present at different abundances 20 . Finally, to gauge the strength of miRNA repression, we normalized target expression in wild-type ES cells to target expression in ES cells that lack the enzyme Dicer (Dcr) and thus contain no miRNAs. We observed a similar threshold-linear behavior as with the miR-20 reporter in Tet-On HeLa cells, except that the behavior reflected the level of miRNAs (Supplementary Fig. 5 ): at high miRNA abundances, repression was fivefold, but it decreased with miRNA abundance until at the lowest miRNA levels, target expression in wild-type cells was virtually indistinguishable from that in the miRNA-free Dcr −/− cells.
The threshold in regulation by miRNA is determined by the level of the miRNA and by the number and affinity of the target sites. Taking the case described above for regulation by endogenous miR-20 in HeLa cells, the threshold transition starts at approximately 60 target mRNAs per cell with seven typical sites in the 3′ UTR at an endogenous level of approximately 2,000 miR-20 molecules per cell ( Supplementary Figs. 2 and 6) . Many of these miRNAs as miRNA ribonucleoprotein complexes could be bound to the endogenous miR-20 target mRNAs in the cell, leaving a limited pool for binding to the reporter mRNAs. Because these experiments were done at steady-state conditions, this suggests that the miRNA system probably has limited capacity to accommodate increases in target populations. These results are consistent with our ability to strongly suppress miR-20 regulation of the target reporter by adding high levels of miR-20 target sites in the form of an exogenous sponge inhibitor 19 ( Supplementary Fig. 4) . The sponge phenomenon has been observed in multiple mammalian and non-mammalian organisms, indicating its generality in miRNA regulation 21 .
DISCUSSION
Our analysis of miRNA-mediated gene regulation at high target expression levels is consistent with previous population-based results, but measuring single cells offers a level of detail inaccessible to bulk assays. The detailed picture, which revealed a sensitive response of protein production to transcriptional activity bounded by strong repression at low target mRNA levels and weak repression at high target mRNA levels, may have important implications for miRNAmediated regulation. There has been disparity between the concept of miRNAs as switches, exemplified by the lin-14 developmental switch in C. elegans, where there is a high degree of repression by the miRNA lin-4, compared to many observations of miRNA-mediated regulation in mammalian cells, where they are best considered as fine-tuners of gene expression. These results show that for some miRNA-target interactions, the miRNA behaves both as a switch, in the target expression regime below the threshold, and as a fine-tuner, in the sensitive transition between the threshold and the minimal repression regime at high mRNA levels.
The multi-site targets that we assayed are relevant to natural target genes because, though most target genes have only one conserved binding site for a given miRNA seed family, the majority of targets have sites for multiple miRNA families, with an average of more than four total conserved sites per 3′ UTR and many more poorly conserved sites 4 . This is further exemplified by the above results, with targets containing natural miRNA sites from HMGA2 and SLC6A1. In addition, we observed target reporter repression predominantly at the level of mRNA degradation (Supplementary Fig. 6d) , as has been observed in genome-wide measurements of natural targets 22 .
Our data and model suggest that the difference in repression between high and low target expression levels need not be inconsistent with the recently reported independence of the strength of repression of different target genes from their expression level 22 . Our results suggest that if the target pool of an miRNA is below the saturation regime, then all targets of a given affinity for the miRNA will be repressed to the same degree regardless of expression level. But if the target pool size grows, as it does when we introduce our reporter construct, then it is possible to saturate the pool of miRNAs. Our data and model are consistent with the dampening of the fold repression as target expression goes from low to high levels being caused by titration of the available cognate miRNA. This agrees with the observation that when the target contains a perfectly complementary site invoking an RNA interference-type catalytic repressive mechanism, the threshold is abolished. Here there should be little stable titration of available miRNA. When a given miRNA target's abundance rises appreciably enough to titrate the miRNA, as we tested using sponge constructs, all the targets of that miRNA, not only the mCherry reporter, should experience derepression. These titration effects could also explain results from retrospective bioinformatic studies showing that an miRNA's overall target abundance negatively correlates with the miRNA's average repressive strength 23 . Mathematical modeling suggests that the pool of target mRNAs limits the ability of free miRNAs to bind to and repress additional targets (Supplementary Note). In this regard, natural noncoding RNAs such as, potentially, pseudogene RNAs with UTR sequences matching those of protein-coding target genes 24 would also participate in this pool of competing molecules.
Gene expression thresholding may be an important feature of cell fate decisions. During a developmental transition where a tissuespecific miRNA is upregulated and its pool of target genes are downregulated, a trend that has been reported in fruitflies and in mammals 25, 26 , the miRNA's effective concentration and therefore its potency could greatly increase. A target gene whose protein exerts its function at concentrations only above the threshold should have a switch-like response. Switch-like derepression through molecular titration of miRNA could also enhance interactions within genetic networks. It has been shown that miRNAs often coordinately regulate targets that function together in pathways and protein complexes 27 . If the effect of the miRNA that targets such a gene network were sensitively switched off through titration, then the gene network could rapidly switch 'on' in a coordinated manner.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturegenetics/.
Note: Supplementary information is available on the Nature Genetics website.
